Abstract. The liver is crucial for systemic inflammation in cancer cachexia. Previous studies have shown that L-carnitine, as the key regulator of lipid metabolism, exerts an anti-inflammatory effect in several diseases, and ameliorates the symptoms of cachexia by regulating the expression and activity of carnitine palmitoyltransferase (CPT) in the liver. However, the effect of L-carnitine on the liver inflammatory response in cancer cachexia remains to be elucidated. The aim of the present study was to examine the role of the CPT I-dependent peroxisome proliferator-activated receptor (PPAR)γ signaling pathway in the ameliorative effect of L-carnitine on the liver inflammatory response. This was investigated in a colon-26 tumor-bearing mouse model with cancer cachexia. Liver sections were immunohistochemically analyzed, and mRNA and protein levels of representative molecules of the CPT-associated PPARγ signaling pathway were assessed using PCR and western blot analysis, respectively. The results showed that oral administration of L-carnitine in these mice improved hepatocyte necrosis, liver cell cord derangement and hydropic or fatty degeneration of the liver cells in the liver tissues, decreased serum levels of malondialdehyde, increased serum levels of superoxide dismutase and glutathione peroxidase, and elevated the expression levels of PPARα and PPARγ at the mRNA and protein levels. These changes induced by L-carnitine were reversed by treatment with etomoxir, an inhibitor of CPT I. The inhibitory effect of L-carnitine on the increased expression level of nuclear factor (NF)-κB p65 in the peripheral blood mononuclear cells was markedly weakened by GW9662, a selective inhibitor of PPAR-γ. GW9662 also eliminated the inhibitory effect of L-carnitine on the expression of cyclooxygenase-2 (Cox-2) in the liver, and on the serum expression levels of pro-inflammatory prostaglandin E2, C-reactive protein, tumor necrosis factor-α and interleukin-6 in the cancer cachexia model mice. This reversing effect of GW9662 on L-carnitine was restored by pyrrolidine dithiocarbamate, a specific inhibitor of NF-κB signaling. Taken together, these results demonstrated that L-carnitine ameliorated liver inflammation and serum pro-inflammatory markers in cancer cachexia through regulating CPT I-dependent PPARγ signaling, including the downstream molecules of NF-κB p65 and Cox-2.
Introduction
Cancer cachexia is a common syndrome, characterized by skeletal muscle wasting, with or without loss of fat mass. Systemic inflammation is essential for the pathogenesis of cancer cachexia. C-reactive protein (CRP), a marker of systemic inflammation, has been found to be elevated early in cancer cachexia (1) and is associated with decreased skeletal muscle mass (2) . It has been reported (3, 4) that the levels of certain pro-inflammatory cytokines, including tumor necrosis factor (TNF)-α and interleukin (IL)-6, are increased in the serum of the mice with cancer cachexia and in patients with cancer cachexia. Other studies (5, 6) have demonstrated that TNF-α is directly involved in cachexia by inhibiting lipoprotein lipase and enhancing protein degradation, and that IL-6 promotes skeletal muscle atrophy via signal transducer and activator of transcription-3 (STAT3) signaling.
The liver is crucial for systemic inflammation in cancer cachexia. A previous study (7) demonstrated that the number of IL-6 and IL-1 immunoreactive cells is significantly increased in the locality of CD68-positive areas of the liver in cancer cachexia, and that areas of CD68-positive macrophages in liver biopsies ares increased in the patients with a more aggressive grades of tumor. Further studies have demonstrated that Kupper cells and hepatocytes act as a major source of circulating pro-inflammatory cytokines, including TNF-α, IL-6 and proteolysis inducing factor, in cancer cachexia, via the NF-κB-and STAT3-dependent signaling pathways (8) , or the cyclooxygenase-2 (Cox2)/prostaglandin E2 (PGE2) pathway (9) . However, there remains controversy regarding the effect of COX-2 on circulating levels of IL-6 (10) .
L-carnitine is a key regulator of lipid metabolism and exerts an anti-inflammatory effect in several disease settings. For example, L-carnitine protects against carboplatin-mediated renal injury by inhibiting renal tubular cell apoptosis (11) and, L-carnitine has been demonstrated to prevent the progression of non-alcoholic steatohepatitis in a mouse model by upregulating the mitochondrial β-oxidation and redox system, accompanied by decreases in the levels of IL-1 and TNF-α in the liver (12) . In addition, L-carnitine has been demonstrated to decrease the protein levels of TNF-α and IL-6 in the fibrotic liver (13) . Notably, the levels of carnitine are markedly decreased in the serum of patients with cancer cachexia (14) . Oral supplementation of L-carnitine prevent glutathione from decreasing further in tumor-bearing mice, suggesting that it exerts a beneficial antioxidant effect in cancer cachexia (15) . However, the effect of L-carnitine on the liver inflammatory response in cancer cachexia remains to be elucidated.
It is understood that lipid metabolism disorders can induce a pro-inflammatory response in the liver (16) . A previous study (17) demonstrated that L-carnitine induces the recovery of liver lipid metabolism dysfunction in cancer cachexia, and is associated with the regulation of the expression levels of carnitine palmitoyltransferase I and II (CPT I and II). Our previous study (3) demonstrated that L-carnitine ameliorates cachectic symptoms by regulating the expression and activity of carnitine palmitoyltransferase (CPT) in the liver, accompanied by a decrease in the elevated serum levels of TNF-α and IL-6, suggesting that CPT is involved in a certain aspect of the liver inflammatory response, regulated by L-carnitine. Additionally, L-carnitine upregulates peroxisome proliferator-activated receptor (PPAR)γ (18), a key regulator in the liver inflammatory response and oxidative stress (19, 20) , which has been found to be involved in regulating the expression of CPT I (21) . These findings led the present study to hypothesize that L-carnitine may improve the liver inflammatory response by regulating the CPT I-dependent PPARγ signaling pathway. Therefore, the aim of the present study was to investigate the role of the CPT I-dependent PPARγ signaling pathway in the ameliorative effect of L-carnitine on the liver inflammatory response in cancer cachexia in a colon-26 tumor-bearing mouse model.
Materials and methods
Animals and cachexia model. The animal experiments performed in the present study were approved by the Institute of Animal Use and Care Committee of Tongji University (Shanghai, China). Adult male BALB/c mice weighing 22-26 g were obtained from the Experimental Animal Center of Tongji University (Shanghai, China) and housed at 24˚C with a 12-h light/dark cycle, and free access to water and mouse chow. Cancer cachexia was induced in colon-26 tumor-bearing BALB/c mice, as described in a previous study by our group (3). To establish the cachexia model, tumor cells (1x10 6 cells in 0.1 ml of saline) were subcutaneously inoculated into the right axillary fossa of BALB/c mice.
Groups and experimental protocol. Based on the results obtained from our previous study (3), cancer cachexia was considered fully developed 11 days following tumor inoculation. Therefore, subsequent interventions in the present study were initiated on day 12.
Experiment 1.
A total of 18 tumor-bearing mice were equally randomized into a vehicle control group, which received oral administration of 2 ml saline daily; an L-carnitine group, which received oral administration of 9 mg/kg daily (cat. no. C0158; Sigma-Aldrich, St. Louis, MO, USA); and an L-carnitine+etomoxir group, which received oral administration of 9 mg/kg L-carnitine daily and intraperitoneal administration of 20 mg/kg etomoxir, an inhibitor of CPT I (cat. no. E1905; Sigma-Aldrich) daily for 7 days.
Experiment 2.
At the same time, a separate group of 30 tumor-bearing mice were equally randomized into a pioglitazone group, GW9662 group, L-carnitine+pioglitazone group, L-carnitine+GW9662 group and L-carnitine+GW9662+ pyrrolidine dithiocarbamate (PDTC) group. The treatment administration was as follows: Pioglitazone hydrochloride, a specific agonist of PPARγ (10 mg/kg orally daily; cat. no. E6910; Sigma-Aldrich); GW9662, a selective inhibitor of PPARγ (1 mg/kg daily intaperitoneally; cat. no. M6191; Sigma-Aldrich); L-carnitine (9 mg/kg orally) + pioglitazone (10 mg/kg per day orally); L-carnitine (9 mg/kg orally) + GW9662 (1 mg/kg per day intraperitoneally); and L-carnitine (9 mg/kg, orally) + GW9662 (1 mg/kg per day intraperitoneally) and PDTC (120 mg/kg per day intraperitoneally), a selective inhibitor of nuclear factor (NF)-κB, (cat. no. P8765; Sigma-Aldrich;), respectively. In addition, six healthy mice received no treatment, and were used as a normal control group.
Following intervention for 7 days, all mice in each group in experiments 1 and 2 were anesthetized with 2% intraperitoneal pentobarbital (40 mg/kg i.p.; Beyotime Institute of Biotechnology, Haimen, China) and weighed. Blood (1.5 ml per mouse) was collected from the inferior vena cava, close to the entrance of the hepatic vein. Peripheral blood mononuclear cells (PBMCs) were isolated for the measurement of NF-κB p65 using Ficoll-Isopaque Plus density-gradient centrifugation at 800 x g for 20 min at 20˚C (cat. no. 10771; Sigma-Aldrich). The levels of serum inflammatory agents (IL-6, TNF-α, PGE2 and CRP) and the oxidative stress markers, malondialdehyde, (MDA) and superoxide dismutase (SOD) and glutathione peroxidase(GSH-Px) were measured. The mice were sacrificed by cervical dislocation. The intact liver was isolated and stored in liquid nitrogen (Sinopharm Chemical Regent Co., Ltd., Shanghai, China).
Measurement of pro-inflammatory markers and oxidative stress markers. The serum levels of TNF-α, IL-6, PGE2 and CRP were detected using a enzyme linked immunosorbent assay (ELISA) kits (TNF-α, cat. no. MTA00B; IL-6, cat. no. M6000B; PGE2, cat. no. KGE004B; CRP, cat. no. MCRP00; R&D systems, Inc., Minneapolis, MN, USA), according to the manufacturer's protocol. A total of 50 µl serum per well was added to a 96-well plate, followed by incubation at 37˚C for 2 h and subsequent determination of the color intensity at 450 nm. MDA was measured using a thiobarbituric acid reactive substance assay method, as described previously (22) . The reaction products were obtained by isolating the organic layer and read at 532 nm. Serum levels of SOD and GSH-Px were detected using kits (cat. nos. A001-1 and A006-1, respectively; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's protocol. The optical density value was read on a spectrophotometer (F96PRO; Shanghai Lengguang Industrial Co., Ltd, Shanghai, China).
Histological analysis. The liver tissues were paraffin-embedded, sliced into 5 µm sections and stained with hematoxylin and eosin (Beyotime Institute of Biotechnology) for assessment of the degree of liver inflammation, according to previously published criteria (23) . The scores (0-8) were used for the assessment of steatosis, lobular inflammation and hepatocyte ballooning. The liver sections were observed under the light microscope equipped with a 10x objective (BM-600B; Ningbo Barride Optics Co., Ltd., Ningbo, China).
Immunohistochemical analysis. The liver sections were incubated with 0.3% (v/v) hydrogen peroxide (Beyotime Institute of Biotechnology) for 30 min at room temperature to quench endogenous peroxidase activity, and were then blocked for 2 h in phosphate-buffered saline (PBS; Beyotime Institute of Biotechnology) containing 5% normal goat serum and 2% bovine serum albumin (Beyotime Institute of Biotechnology). Monoclonal antibodies (diluted 1:200) against PPARγ (Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA; cat. no. sc-7273) or PPARα (Abcam, Cambridge, MA; cat. no. ab2779) were incubated with the fixed sections for 2 h, followed by five rinses with PBS. The sections then were incubated with horseradish peroxidase-conjugated goat anti-mouse antibody (diluted 1:500) for 1 h at room temperature. The relative expression levels of PPARα and PPARγ were semi-quantitated as integrated optical density/area, as described previously (24) .
Reverse-transcription quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from the PBMCs using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA; cat. no. 15596-018), according to the manufacturer's instructions. The cDNA was generated using a MultiScribe Reverse Transcriptase kit (Applied Biosystems; Thermo Fisher Scientific, Inc.; cat. no. 4368814). RNA (2 µg) was reverse-transcribed to cDNA with 1 µl oligo(dT) (0.1 µg/µl) and 5 µl 0.1% diethylpyrocarbonate-treated H 2 O at 70˚C for 5 min. The primers used were as follows: Forward 5'-ACA GAC CCA GGA GTG ACA A-3' and reverse 5'-CAT GGA CAC ACC CTG GTT CAG-3' for NF-κB p65; and forward 5'-TGG TGG ACC TCA TGG CCT AC-3' and reverse 5'-GCA ACT GAG GGC CTC TCT-3' for GAPDH. All primers were synthesized by Sangon Biotech Co., Ltd (Shanghai, China).
The qPCR reactions were performed using SYBR green PCR master mix (Qiagen, Shanghai, China; cat. no. 204141) in a 50-µl PCR reaction containing 1 µl cDNA using an iCycler thermocycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with the following thermocycling conditions: 50˚C for 2 min and 95˚C for 15 min, followed by 40 cycles of 94˚C for 15 sec, 55˚C for 30 sec and 72˚C for 30 sec. PCR products were detected using an ABI7500 Real-Time PCR Detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The house-keeping gene, GAPDH, was used as an internal control. Data were normalized to GAPDH, and the relative expression levels were calculated using the 2 -ΔΔCq method as described previously (3) . Experiments were performed in triplicate samples.
Western blot analysis. Total protein extracts were obtained by homogenization of tissues using protein sample buffer [100 mM Tris-HCl (pH 6.8), 200 mM dithiothreitol, 4% sodium dodecyl sulfate (SDS), 0.2% bromphenol blue and 20% glycerol] and a classic protease inhibitor cocktail (Beyotime Institute of Biotechnology). Protein concentrations were measured by the bicinchoninic acid method (Pierce Biotechnology, Inc., Rockford, IL, USA). Protein samples were heated at 100˚C for 10 min, and 40 µg was applied to a 10% SDS-polyacrylamide gel. Following electrophoresis, the proteins were electrophoretically transferred onto polyvinylidene difluoride membranes (Millipore Co., Billerica, MA, USA). The membranes were stained with 0.5% Ponceau S (Beyotime Institute of Biotechnology) to assure equal protein loading, blocked for 1 h with 5% powdered non-fat dry milk in 25 mM Tris-HCl (pH 8.0), 144 mM NaCl and 0.1% Tween 20 (TBS-T), and incubated overnight at 4˚C with the following primary antibodies: PPAR-α, PPAR-γ, NF-κB P65 (cat. no. ab16502; Abcam), Cox-2 (catalog no. sc-166475; Santa Cruz Biotechnology) and β-actin (cat. no. ab8227; Abcam). Following incubation with the goat anti-rabbit (cat. no. A0277) or mouse (cat. no. A0286) secondary antibodies (Beyotime Institute of Biotechnology; 1:2,000 dilution), the membranes were briefly washed twice and then three times for 10 min each with TBS-T. Immunodetected proteins were visualized in a FluorChem ® HD2 analysis system (Protein Simple Co., Shanghai, China) using the enhanced chemiluminescent ECL assay kit (Santa Cruz Biotechnology, Inc.) according to the manufacturer's recommended protocol.
Statistical analysis. All data are expressed as the mean ± standard deviation and were analyzed using analysis of variance, followed by a least significant difference t-test for post-hoc comparison. SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses. P≤0.05 was considered to indicate a statistically significant difference.
Results

L-carnitine relieves the liver inflammatory response in mice with cancer cachexia.
Compared with the normal control mice (Fig. 1A) , histological analysis of the liver tissue obtained from the mice with cancer cachexia receiving saline showed hepatocyte necrosis, liver cell cord derangement and hydropic or fatty degeneration of liver cells (Fig. 1B) , which were relieved markedly by L-carnitine (Fig. 1C) . The effects of L-carnitine on the liver inflammatory response were reversed notably by etomoxir, the inhibitor of CPT I (Fig. 1D) .
Effects of L-carnitine on serum levels of MDA, SOD and GSH-Px. Compared with the healthy mice, there was a significant increase in the serum levels of MDA, and a significant decrease in the serum levels of SOD and GSH-Px in the mice with cachexia receiving saline. However, L-carnitine markedly increased the serum levels of SOD and GSH-Px, and significantly reduced the serum levels of MDA, compared with the mice with cachexia receiving saline, and these effects of L-carnitine were impaired markedly by treatment with etomoxir (Table I) .
Effects of L-carnitine on the protein expression levels of PPAR-α/PPAR-γ in the liver of mice with cachexia.
In the normal control mice, the expression levels of PPARα and PPARγ were detected at basal level, which were decreased markedly at the protein level in the mice with cachexia receiving saline. However, these changes were reversed following treatment of animals with L-carnitine alone. This reversal effect of L-carnitine on the decreased expression levels of PPAR-α and PPARγ in the mice with cachexia receiving saline was almost eradicated following etomoxir treatment ( Fig. 2A and B) .
L-carnitine decreases the expression of NF-κB p65 in the
PBMCs of mice with cancer cachexia in a PPARγ-dependent manner. Compared with the normal control mice, the mRNA and protein expression levels of NF-κB p65 in the PBMCs were markedly elevated in the mice with cancer cachexia receiving saline. However, the increased expression of NF-κB p65 in the mice of the vehicle control group was decreased significantly by L-carnitine or pioglitazone (a specific agonist of PPARγ). The effects of L-carnitine on NF-κB p65 at the mRNA (Fig. 3A) and protein (Fig. 3B ) levels were significantly weakened by GW9662, a selective inhibitor of PPAR-γ.
L-carnitine decreases the expression of Cox-2 in the livers of mice with cachexia, partly by suppressing NF-κB signaling.
NF-κB p65 (Fig. 4A ) and Cox-2 ( Fig. 4B) were expressed at basal levels in the livers of the normal control mice, and were elevated in the livers of the mice with cachexia. L-carnitine Compared to panel C, the liver cell-cord arrangement was less uniform and an increased amount of liver-cell necrosis was observed. Sections were stained using hematoxylin and eosin for examination of the inflammatory response (magnification, x100).
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decreased the elevated expression levels of NF-κB p65 and Cox-2 in the livers of the mice with cachexia. This effect of L-carnitine was reversed by GW9662, a selective inhibitor of PPARγ. The inhibitory effect of GW9662 on L-carnitine on Cox-2 was impaired by PDTC, a selective inhibitor of NF-κB signaling. Figure 3 . L-carnitine decreases the serum expression levels of NF-κB p65 in cachectic mice. Cancer cachectic mice were administered saline (vehicle control; Lane 2), oral L-carnitine (9 mg/kg per day; Lane 3), oral pioglitazone hydrochloride (10 mg/kg daily; Lane 4), intraperitoneal GW9662 (1 mg/kg daily; Lane 5), oral L-carnitine ± pioglitazone hydrochloride (Lane 6), and L-carnitine + GW9662 for 8 days (n=6 in each group; Lane 7), following which the serum concentration of NF-κB p65 were determined at the (A) mRNA and (B) protein levels in peripheral blood mononuclear cells using reverse transcription-quantitative polymerase chain reaction and western blot analysis, respectively. Healthy untreated mice were used as normal controls (n=6; Lane 1 
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L-carnitine decreases the serum levels of PGE2, CRP, TNF-α and IL-6 pro-inflammatory markers in mice with cachexia, partly by suppressing PPARγ-NF-κB signaling.
Compared with the healthy mice, there was a significant increase in the serum levels of PGE2, CRP, TNF-α and IL-6 in the mice with cachexia receiving saline. The serum concentrations of these markers were decreased markedly by L-carnitine. This effect of L-carnitine was impaired by GW9662, and PDTC reversed the effect of GW9662 on the inhibition serum pro-inflammatory markers by L-carnitine (Table II) .
Discussion
Cancer cachexia is a wasting syndrome, which is characterized by systemic inflammation, body weight loss, atrophy of white adipose tissue and skeletal muscle, all of which are often correlated with high mortality rates and poor quality of life in patients with cancer (2). Liver lipid metabolism disorders contribute to cancer cachexia symptoms through inducing the pro-inflammatory response in the liver to aggravate systemic inflammation (8, 25) . A previous study (21) demonstrated that L-carnitine, a key regulator of lipid metabolism, induces the recovery of lipid metabolism disorders in the liver, and decrease circulating pro-inflammatory cytokines to improve the symptoms of cachexia in association with regulating the expression and activity of CPT. This suggests that CPT is pivotal in the regulation of L-carnitine in the liver inflammatory response. The results of the present study demonstrated that L-carnitine attenuated the liver inflammatory response and oxidative stress via CPT I-dependent PPARγ-NF-κB signaling. The liver is the major site of lipid metabolism and a predominant source of circulating pro-inflammatory factors in cancer cachexia (12, 16) . Patients with hepatocellular carcinoma which progresses to cancer cachexia often exhibit accompanied chronic liver inflammation, which is one of the major factors leading to poor prognosis (26) . Our previous study showed that L-carnitine ameliorates the symptoms of cancer cachexia (3) . In the present study, it was found that L-carnitine ameliorated the liver inflammatory response by relieving hepatocyte necrosis, liver cell cord derangement and hydropic or fatty degeneration of liver cells, suggesting 
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that L-carnitine ameliorated cancer cachexia by inducing the recovery from liver inflammation. In addition, etomoxir, as an inhibitor of CPT I almost eradicated the effect of L-carnitine on liver inflammation, suggesting that CPT I was a mediator in the improvement of liver inflammation by L-carnitine. The β-oxidation of fatty acids in the mitochondria is disrupted in the liver in cancer cachexia, resulting in oxidative stress (27) , which is supported by the results of the present study that the serum levels of oxidative stress markers were increased in the mice with cancer cachexia. The dysfunction of mitochondria in β-oxidation finally induces a pro-inflammatory response. In the present study, the results showed that L-carnitine decreased the elevated levels of oxidative stress markers, suggesting that L-carnitine relieved the liver inflammatory response by inhibiting oxidative stress. Our previous study demonstrated that the activity of CPT I, a key mediator in the β-oxidation of fatty acids, is decreased in the mitochondria of the livers of mice with cachexia liver, and is increased by L-carnitine (3). In the present study, it was demonstrated that etomoxir, as an inhibitor of CPT I, reversed the amelioratory effect of L-carnitine on oxidative stress. These results suggested that L-carnitine inhibited oxidative stress and improved liver inflammation in a CPT I-dependent manner.
PPARs are transcription factors belonging to a superfamily of nuclear receptors, and three isoforms (α, δ and γ) have been described, in which PPARα and γ are known to regulate lipid metabolism and oxidative stress (28, 29) . Furthermore, PPARα and γ have been previously demonstrated to exert an inhibitory effect on tumor growth, muscle atrophy, and pro-inflammatory cytokine secretion and signaling in cancer cachexia (30) (31) (32) (33) . In the present study, the protein expression levels of PPARα and γ in the liver were decreased in the mice with cancer cachexia, which was accompanied by a notable liver inflammatory response. These changes were restored by L-carnitine, suggesting that L-carnitine improved the liver inflammatory response by regulating the expression levels of PPARα and/or PPARγ.
Notably, it has been demonstrated that PPARα and PPARγ coactivators induce the expression of CPT I through different regions of the CPT-1A gene (21) . In the present study, the promotion by L-carnitine on the expression levels of PPARα and γ were reversed by etomoxir, an inhibitor of CPT, suggesting that L-carnitine regulated the expression of PPAR in a CPT I-dependent manner, and that CPT I may have an indirect effect on regulating the expression of PPAR. Although the present study was unable to provide direct evidence that CPT I induces the expression of PPAR, the results indicated that L-carnitine ameliorated the liver inflammatory response by regulating CPT I-dependent PPAR signaling.
Of note, the present study demonstrated that the increase in the expression of PPARγ in the liver induced by L-carnitine was more significant, compared with that of PPARα, suggesting that the amelioration effects of L-carnitine on the liver inflammatory response may be dependent more on PPARγ and less on PPARα signaling. These results are consistent with those of a previous study in a cyclophosphamide-induced hepatotoxic model, which reported that PPARγ signaling, but not PPARα signaling, mediated antioxidant and anti-inflammatory effects in the liver (19) . NF-κB is known to regulate liver inflammation and oxidative stress (34) . A previous study (35) demonstrated that the elevation in the expression levels of NF-κB p65 contributes substantially to the progression of cancer cachexia, suggesting that NF-κB signaling is essential in cancer cachexia, which is also supported by the findings of the present study, in which the expression of NF-κB p65 was increased in the PBMCs at the mRNA and protein levels. Studies (36, 37) have also demonstrated that NF-κB is a downstream mediator of PPARα and PPARγ signaling in the liver, which is supported by our findings that increased expression levels of NF-κB p65 are inhibited by pioglitazone, a specific agonist of PPARγ. Notably, treatment of mice in the present study with L-carnitine alone decreased the expression of NF-κB p65 in cancer cachexia, and this effect of L-carnitine was reversed by GW9662, a selective inhibitor of PPAR-γ, suggesting that L-carnitine inhibited the expression of NF-κB p65 in a PPARγ-dependent manner. However, the exact role of PPARα in the regulation of L-carnitine on the expression of NF-κB p65 requires further investigated in the future.
The Cox-2/PGE2 pathway is important in regulating oxidative stress and inflammation in the liver (38) . Celecoxib, a specific inhibitor of Cox-2, downregulates serum inflammatory cytokines in patients with cancer cachexia (10) . In the present study, the increased levels of Cox-2 in the liver of mice with cancer cachexia were decreased by L-carnitine, and this effect was reversed by treatment with GW9662. This effect of GW9662 on L-carnitine was restored by PDTC, a specific inhibitor of NF-κB signaling. These results suggested that L-carnitine decreased the expression of Cox-2 in the liver by PPARγ-dependent NF-κB signaling.
Certain pro-inflammatory markers, including CRP, PGE2, IL-6 and TNF-α, are well known to promote systemic inflammation, thus aggravating the progression of cancer cachexia (39) . In particular, CRP may induce IL-6 secretion, which is known to have a causative effect in cancer cachexia (40, 41) . In the present study, it was found that the elevation of the above-mentioned pro-inflammatory markers were decreased by L-carnitine, and this inhibitory effect of L-carnitine was reversed by GW9662, suggesting that PPARγ-dependent NF-κB signaling is pivotal in the inflammatory response in cancer cachexia.
One of the limitations of the present study was that the role of PPARα in the regulation of liver inflammation by L-carnitine was not investigated, although a previous study demonstrated that it is PPARγ, rather than PPARα, which exerts antioxidant and anti-inflammatory effects in the liver (19) . However, other studies have demonstrated that PPARα also exerts anti-inflammatory effects in the liver following ischemia-reperfusion injury (37) , and is a therapeutic target in chronic obstructive pulmonary disease-induced cachexia, owing to its anti-inflammatory effect (42) . This discrepancy may be explained by the different animal models used in these investigations. Therefore, the role of PPARα in the amelioration of the liver inflammatory response by L-carnitine in cancer cachexia requires further investigation.
In conclusion, the present study demonstrated that L-carnitine ameliorated liver inflammation and serum pro-inflammatory markers in cancer cachexia via I-dependent PPARγ signaling, including the downstream molecules of NF-κB p65 and Cox-2. These results suggest that L-carnitine may be a candidate for the amelioration of systemic inflammation in cancer cachexia.
